Abstract: Coronaviruses (CoVs) are generally associated with respiratory and enteric infections and have long been recognized as important pathogens of livestock and companion animals. Mouse hepatitis virus (MHV) is a widely studied model system for Coronavirus replication and pathogenesis. In this study, we created a MHV-A59 temperature sensitive (ts) mutant Wu"-ts18(cd) using the recombinant vaccinia reverse genetics system. Virus replication assay in 17C1-1 cells showed the plaque phenotype and replication characterization of constructed Wu"-ts18(cd) were indistinguishable from the reported ts mutant Wu"-ts18. Then we cultured the ts mutant Wu"-ts18(cd) at non-permissive temperature 39.5°C, which "forced" the ts recombinant virus to use second-site mutation to revert from a ts to a non-ts phenotype. Sequence analysis showed most of the revertants had the same single amino acid mutation at Nsp16 position 43. The single amino acid mutation at Nsp16 position 76 or position 130 could also revert the ts mutant Wu"-ts18 (cd) to non-ts phenotype, an additional independent mutation in Nsp13 position 115 played an important role on plaque size. The results provided us with genetic information on the functional determinants of Nsp16. This allowed us to build up a more reasonable model of CoVs replication-transcription complex.
Approximately two-thirds of the Coronaviruses genome encodes the viral nonstructural proteins (Nsp) that are involved in viral RNA synthesis. The majority of these proteins are encoded in two 5 '-proximal overlapping open reading frames, ORF1a and ORF1b, translated as polyproteins, pp1a and pp1ab, which are then processed by virus-encoded proteinases into Nsp16 [4, 28, 32, 34] . Many of the Coronavirus Nsps have been shown or are predicted to have enzymatic functions [5, 11, 18, 26] . Nsp16 is predicted to be a Sadenosyl-methionine-dependent 2'-O-methyl transferase which is involved in the formation of viral 5'-cap structures [9, 16] . Whereas the exact role of Nsp16 during CoV replication is still unknown, its functional importance is supported by mutagenesis experiments using a SARS-CoV replicon system. The deletion of the Nsp16 coding sequence blocked RNA synthesis, whereas a single mutation in the catalytic tetrad reduced replicon driven mRNA synthesis to about 10% of the level for the wild type [37] .
Mouse hepatitis virus (MHV) is a widely studied model system for Coronavirus replication and pathogenesis. The development of MHV reverse genetics, in particular the method based on the use of vaccinia virus cloning vectors, makes it suitable for analyzing Coronavirus RNA replication and transcription [2, 7, 8, 15, 25, 36] . In this study, we first used reverse genetics to create a MHV-A59 temperature sensitive (ts) mutant Wu"-ts18 (cd), which had the same amino acid change at Nsp16 position 12 (Pro to Ser) as ts mutant Wu"-ts18 [29, 33] . Then we cultured the ts mutant Wu"-ts18 (cd) at non-permissive temperatures which "forced" the ts recombinant virus to use second-site mutation to revert from a ts to a non-ts phenotype. Sequence analysis of the revertant provided us genetic information on the functional determinants of Nsp16. This allowed us to build up a more complete model of the functional replication -transcription complex.
MATERIALS AND METHODS

Cells and viruses
Mouse 17 clone 1 fibroblast cells (17Cl-1) were cultured at 37 ℃ in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin (100 μg/mL). BHK-MHV-N cells, kindly provided by professor Stuart G. Siddell [8, 31] , were cultured in minimal essential medium (MEM) supplemented with HEPES (25 mmol/L), 5% FBS, and antibiotics. Recombinant vaccinia virus (vv inf-MHV-A59) contained a full-length MHV-A59 cDNA (GenBank accession number AY700211) [8] .
Wu"-ts18 was a reported ts mutant of wild type MHV-A59 [28, 33] .
Construction of recombinant MHV-A59 ts mutant
Wu"-ts18(cd)
In order to obtain the revertants of ts mutants, we first constructed the recombinant ts mutants Wu"-ts18 (cd), which had the same amino acid change as Wu"-ts18. Three nucleotide changes (C 20880 to A, C 20881 to G, U 20882 to C) were made to reduce the likelihood of reversion to the wild-type sequence.
Mutagenesis was done using a reverse genetics system described previously [8, 20, 36] . Briefly, two rounds of vaccinia virus-mediated homologous recombination were done using the E.Coli. guanine-phosphoribosy- In vitro transcription from purified, EagI-cleaved DNA of recombinant vaccinia virus vv inf-MHV Wu"-ts18(cd) and the parental virus vv inf-MHV-A59 using bacteriophage T7 RNA polymerase in the presence of an m7G(5')ppp(5')G cap was done as described previously [8, 19, 20, 35] . The full-length MHV 
Viral replication analysis
Recombinant virus were analyzed for replication by using plaque assay as described previously [8, 20, 35] .
Briefly, 17Cl-1 cells were infected with viruses at an multiplicity of infection (MOI) of 10 PFU/cell. The PCR reaction products were purified by ethanol precipitation using ammonium acetate. Finally, sequence analysis was done using primers P1-P121 in the Invitrogen Company (Invitrogen Beijing, China).
Computer-assisted analysis of sequence data was done using the Lasergene bio-computing software (DNASTAR).
RESULTS
Plaque assay of the mutant virus Wu"-ts18(cd) at different temperature
Compared with the wild-type MHV-A59 virus, the ts mutant Wu"-ts18 failed to form plaques or synthesize viral RNA when infection was initiated and maintained at the non-permissive temperature 39.5℃.
A single nucleotide change (C 20880 to U,) which induced the amino acid proline (Pro: CCU) change to Serine (Ser: UCU) of Nsp16 at position 12 was identified as the mutation responsible for the ts mutant phenotype. In order to identify the determinants which were important in the function of Nsp16. We first constructed the recombinant ts mutants Wu"-ts18(cd), which have the same amino acid change as Wu"-ts18.
Three nucleotides (C 20880 to A, C 20881 to G, U 20882 to C) were mutated to reduce the likelihood of reversion to the wild-type sequence, which "forced" the virus to use second-site mutations to revert from a ts phenotype to a non-ts one.
To determine if the constructed mutant viruses
Wu"-ts18 (cd) were ts phenotype, the diluted passage one stocks of Wu"-ts18 (cd) which came from one plaque were used to infect 17Cl-1 cells at permissive (33℃ or 37℃) and nonpermissive (39.5℃) temperature.
After culturing for 2 or 3 days, the Wu"-ts18 (cd) virus had the same plaque size (6-7mm in diameter) and plaque morphology as the wild-type virus inf-MHV-A59 in 17Cl-1 cells, and it obtained nearly the same high titer of 1-3×10 9 PFU/mL as the wild-type virus inf-MHV-A59 at the permissive temperature 33℃ and 37℃ (Fig.1) . However, at the non-permissive temperature 39.5℃, compared with the large plaque size formed by inf-MHV-A59, the plaque morphology formed by Wu"-ts18(cd) were heterogenous in plaque size, ranging from almost wild type (6-7mm in diameter), to intermediate (5-6mm in diameter) and small (2-3mm in diameter). The titer of the passage one virus stock was about 1~5×10 3 PFU/ mL, far below that of wild-type virus inf-MHV-A59
(1-5×10 7 PFU/mL).
Replication analysis of ts mutant Wu" -ts18 (cd) in 17Cl-1 cells
After three rounds of plaque purification, the replication characterization of mutants Wu"-ts18 (cd)
at different temperatures were tested on 17Cl-1 cells with an MOI=10. At permissive temperature 33℃ or 37℃, the Wu"-ts18 (cd) mutant was found to be indistinguishable from the inf-MHV-A59 with respect to replication kinetics (Fig.2) ; the supernatants from tissue cultures infected with Wu"-ts18 (cd) had reached titers that were equal to or greater than the titers of supernatants from the tissue cultures infected with the parental virus inf-MHV-A59. At 33℃, the Wu"-ts18 (cd) and inf-MHV-A59 were manifested as exponential growth until about 5-6 h p.i., reached the highest titer (~10 8 PFU/mL) at 12 h p.i., which were delayed somewhat compared with results at 37℃, which reached the highest titer (3-5×10 7 PFU/mL) at 7 h p.i.. However, at the non-permissive temperature
39.5℃, inf-MHV-A59 had the normal titer, whereas
Wu"-ts18 (cd) had a titer of 3-5×10 2 PFU/mL.
To analyze the phenotype of Wu"-ts18 (cd) in more detail, the efficiency of plating (EOP) of the two recombinant viruses were calculated by dividing the titer at 39.5℃ by the titer at 33℃ ( Table 1) . The EOP for inf-MHV-A59 virus was 1.25 which was indistinguishable from the wild type MHV-A59 virus (1.0), confirming that there was no impairment of growth at 39.5℃. In contrast, at 33℃, the recombinant virus Wu"-ts18(cd) stock had a titer of 3-5×10 8 PFU/mL and at 39.5℃ had a titer of 1-2×10 2 PFU/mL, which was an EOP of ~10 -7 which was similar to the EOP obtained with the original Wu-ts18 ts mutant. So as expected, the recombinant virus Wu"-ts18 (cd) was indistinguishable from the ts mutant Wu"-ts18 in terms of temperature sensitivity.
Sequence analysis of the revertant mutants of Wu"-ts18 (cd)
To obtain the revertant of ts mutants Wu"-ts18 (cd), 17C1-1cells were infected with serially diluted AGC serine
The data for the viruses (MHV-A59 and Wu"-ts18) were taken from reference [8, 36] . The functionally uncharacterized Nsp16, has previously been predicted to be a S-adenosyl- [9, 16, 28, 30] possessing the highly conserved catalytic tetrad (K-D-K-E) that is a hallmark of RNA 2'O-MTases [1, 6, 12, 16] . days incubated at 39.5℃, R8 plaques were 5-7 mm in diameter, and R9 plaques were 2-3mm in diameter. Sequence analysis of Wu"-ts18 (cd) revertants. For inf-MHV-A59 and revertants R8 and R9, the entire genome was sequenced. For the remaining revertants, only the region of genome encoding Nsp16 was sequenced. Variant codons are shown as the encoded amino acid. The "-" sign indicated that the sequence was not determined, the" +" sign indicated the sequence was determined and was identical to MHV-A59, an N indicates no plaque was formed.
R5, R6 and R7 had the mutation at position 43 (Asn to Ser) plus another mutation within Nsp16. There was no reason to attribute these additional changes to the revertant phenotype, especially as they were all well away from catalytic positions. The revertants R3 had a single mutation at Nsp16 postion 130, this was a catalytic residue which formed the conserved catalytic tetrad (K-D-K-E) [21, 23] . Research on West Nile virus (WNV) showed all residues within the K-D-K-E tetrad of the WNV MTase were essential for 2'-O methylation activityl residue D was more critical than other tetrad residues, mutants with a mutation at position 146 (D to E) were viable but exhibited small plaques [ 27] .
Together, these sequencing results identified the DISCUSSION TS mutants and revertants had been described for a large number of positive-strand RNA viruses [5, 11, 14, 17, 33] , the major advantage of using ts mutants is that they could be analyzed by temperature-shift and reversion mutation. Generally, the lose or gain of some viral functions after the temperature shift indicates that change of the amino acid in the mutant had affected the formation or activity of the replication-transcription complex. In this study, we tried to identify the locus which was important in the function of Nsp16. Firstly, we constructed the ts mutant which was predicted to have the same phenotype as the Wu"-ts18. [3] and VSV [6, 12, 13] . For WNV MTase, it has been shown that mutations abolishing the 2'O-Mtase activity had a detrimental effect on the replication of a luciferase expressing RNA replicon [27] . in revertant R2, adding a negative charge to the protein, and the proximity was important in stablizing the structure of the protein [21] [22] [23] .
The sequencing and reverse genetic studies presented in this paper argued that the complete genome sequencing and recapitulation of ts mutations using reverse genetic strategies would be critical for addressing ts mutant viruses in the future. The results of this study provide new insights into the identification of novel residues that could be very important for the functional replication-transcription complex of the coronaviruses.
